Abstract-Laboratory-measured dielectric property data and related electromagnetic wave propagation parameters are reported for a broad range of soil textures. The dielectric permittivity and phase velocity are shown to be very strong functions of volumetric soil moisture. A polynomial model for predicting soil moisture from permittivity measurements at 100 MHz is presented.
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I. BACKGROUND

S
UCCESSFUL application of electromagnetic sensor systems to geophysical problems such as the measurement of soil moisture, analysis of terrain radar backscatter, location of subsurface anomalies, etc., require an appreciation of the attenuation of electromagnetic waves and the speed of those waves as they travel through the medium. Wave attenuation and speed are, in turn, controlled by the dielectric permittivity and electrical conductivity, or equivalently, the complex dielectric constant of the soil. Finally, these dielectric properties are going to be functions of signal frequency, the amount and nature of water in the soil, the chemistry of the soil, and the physical properties of the soil such as its structure and its mass density. This communication focuses on the question of how soil dielectric properties are affected by moisture.
Numerous researchers have collected soil electrical property data to support their particular programs of study. However, there does not seem to be a comprehensive data base of information on a wide range of soil textures that is readily available to the science and engineering community. Publications can be found in the literature that identify soil properties for a particular range of frequencies or for a limited number of soil textures [6] , [11] , [23] , [24] , [26] , [28] , [30] . Some of the more significant measurement programs have originated at the U.S. Geological Survey, Denver, CO, [18]- [21] , the U.S. Army Cold Regions Research and Engineering Laboratory, Hanover, NH [10] , [12] , and the U.S. Army Waterways Experiment Station, Vicksburg, MS. [7] , [8] , [16] , [17] .
The author began in about 1989 to develop a measurement capability at the U.S. Army Engineer Research and Development Center (ERDC), formerly known as the Waterways Experiment Station, to help establish a data base of soil dielectric properties.
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The result of that effort was a coaxial transmission/reflection apparatus controlled by a Hewlett-Packard 8510C Vector Network Analyzer system [9] . The signal source spans a range of frequencies from 45 MHz to 26.5 GHz. Soil samples were hand-packed into square cross section coaxial holders having lengths as short as 1.5 cm and as long as 10 cm. Using this apparatus, over 700 different strings of data (each being a sweep of frequencies on one sample at one moisture condition) have been collected at a temperature of 20 C. Data at other temperatures have also been collected but are not reported here.
II. MATHEMATICAL RELATIONSHIPS
Ampere's law dictates that the total current density in a medium is the sum of a conduction current in phase with the electric field and a displacement current in phase quadrature [15] . In a nonmagnetic material, the conduction current is controlled by the electrical conductivity of the medium and the strength of the electric field, while the displacement current is controlled by the dielectric permittivity and the time rate of change of the electric field. A similar interpretation could be made if the conductivity and dielectric permittivity were replaced by a complex relative dielectric permittivity (1) Conductivity, expressed in siemens per meter, is then replaced in the solution to the wave equation by the product of radian frequency and the imaginary part of the relative complex permittivity (2) where is the permittivity of free space (8.85 10 F/m). For plain, exponentially-damped, harmonic, transverse wave propagation through a medium described by a complex permittivity, power attenuation, expressed in decibels per meter, can be written (3) where is the speed of light in a vacuum.
Furthermore, plane waves of constant phase will propagate through the medium with a normalized velocity calculated by: (4) U.S. government work not protected by U.S. copyright. III. ELECTRICAL PROPERTIES OF SOILS AT 100 MHZ Fig. 1 contains plots of the dielectric properties measured at ERDC versus volumetric moisture content at a frequency of 100 MHz and a sample temperature of 20 C. The data have been sorted into one of three arbitrary sample dry density bands to allow observations on sample density effects to be made later in this section.
First of all, note that the real part of the complex dielectric constant (hereafter simply called the permittivity) and the normalized phase velocity are both very strong functions of volumetric moisture. One should not be surprised that the permittivity exhibits this behavior. After all, permittivity is a measure of the polarizability of the medium subjected to a time-varying electric field, and the fraction of the soil sample that possesses this polarizability property is that containing the water molecule dipoles. As for phase velocity, the plus sign in (4) has the effect of causing phase velocity to be more sensitive to permittivity than to the ratio, . For example, if one considers that values lie generally between 0.0 and 1.0, then the normalized phase velocity can vary between 1/ and 0.91/ , in other words, sensitive mostly to permittivity.
While there is a strong relationship between permittivity and phase velocity and moisture content, there is no simple relationship between moisture content and conductivity and power attenuation. Obviously there are other factors involved in the loss parameters besides just the amount of water in the sample. They must include such elements as the availability of salts in the soil matrix, the degree to which charged particles are bound to the soil matrix, the actual mechanisms of charge movement within the soil sample that might, in turn, include such factors as pore size distribution [1] and specific surface [29] . Development of a predictive model for soil conductivity will require a large amount of data on a variety of soil samples that have been thoroughly characterized from a physical and chemical perspective. Fig. 1 also reveals that there appears to be no definitive relationship between the dielectric properties and sample dry density. This observation is not as apparent for permittivity and phase velocity as it is for conductivity and power attenuation. Intuitively, one would guess that increasing sample dry density (or decreasing the pore volume fraction) for a particular soil at a fixed moisture content would cause the dielectric properties of the soil to change smoothly in one direction or the other. However, with all soil textures presented on one chart, a clear relationship between dielectric properties and dry sample density is difficult to see. This is an area that begs for further investigation, although, when compared to the impact of moisture content, it is undoubtedly a second order effect.
IV. USING DIELECTRIC PROPERTIES TO PREDICT VOLUMETRIC SOIL MOISTURE CONTENT
Given that there is such a strong dependence of dielectric permittivity on the volumetric moisture of a sample at any one frequency, it appears reasonable that one might be able to turn that concept around and use it to predict soil moisture from dielectric permittivity measurements. This is not an original concept. Several of the references listed at the end of this paper contain such models or describe soil moisture probes that have been developed on this principle [2] - [5] , [7] , [14] , [22] , [28] . The most widely used model is that of Topp, Davis, and Annan [28] , which can be written volumetric moisture The light line passing through squares was generated by the Topp, Davis, and Annan model, and below 25% moisture content is virtually indistinguishable from the ERDC model.
Because in situ volumetric moisture contents rarely exceed 40%, the conclusion of this study is that the Topp, Davis, and Annan model is a very good one for predicting volumetric moisture values in soil from dielectric permittivity measurements at a frequency of about 100 MHz. However, the Topp model is frequency independent, its fit being made to time domain reflectometry data. How then does frequency affect the soil moisture model? Fig. 3 is a plot of model fits to the ERDC data base at three frequencies, namely, 100 MHz, 500 MHz, and 1000 MHz. The Topp model is also reproduced on this figure. Clearly, the latter model is quite good at predicting soil moisture values at low frequencies and within a normal range of soil moistures. However, at higher frequencies, it can underpredict moisture values by as much as 10% or more.
